Aim: Losartan and antiplatelet agent ticlopidine can be prescribed concomitantly for prevention or therapy of cardiovascular diseases. Hence, the effects of ticlopidine on the pharmacokinetics of losartan and its active metabolite EXP-3174 were evaluated in rats. Methods: Ticlopidine (4 or 10 mg/kg po) was administered 30 min before administration of losartan (9 mg/kg po or 3 mg/kg iv). The activity of human CYP2C9 and 3A4 were measured using the CYP inhibition assay kit. The activity of P-gp was evaluated using rhodamine-123 retention assay in MCF-7/ADR cells. Results: Ticlopidine (10 mg/kg) significantly increased the areas under the plasma concentration-time curves (AUCs) and peak plasma concentration (C max ) of oral losartan (9 mg/kg), as well as the AUCs of the active metabolite EXP-3174. Ticlopidine (10 mg/kg) did not significantly change the pharmacokinetics of intravenous losartan (3 mg/kg). Ticlopidine inhibited CYP2C9 and 3A4 with IC 50 values of 26.0 and 32.3 μmol/L, respectively. The relative cellular uptake of rhodamine-123 was unchanged. Conclusion: The significant increase in the AUC of losartan (9 mg/kg) by ticlopidine (10 mg/kg) could be attributed to the inhibition of CYP2C9-and 3A4-mediated losartan metabolism in small intestine and/or in liver. The inhibition of P-gp in small intestine and reduction of renal elimination of losartan by ticlopidine are unlikely to be causal factors.
Introduction
Losartan (DuP 753, MK-954), an angiotensin II receptor antagonist, has a low side-effect profile and is approved for the treatment of hypertension, alone or in combination with other agents [1] . After oral administration, losartan is almost completely absorbed and extensively metabolized to a carboxylic acid derivative, EXP-3174, mainly by cytochrome P450 (CYP) 2C9 and 3A4 [2] . EXP-3174 is a major active metabolite in both rats and humans and is a more potent inhibitor of angiotensin II receptor than losartan, with high-affinity receptor specificity [3] . Losartan has also been reported to be a substrate of P-glycoprotein (P-gp) [4] . Considering that losartan is a substrate of both CYP enzymes and P-gp, the modulation of CYP and P-gp activities may cause significant changes in the pharmacokinetic profiles of losartan and its active metabolite, EXP-3174.
Ticlopidine, a potent antiplatelet agent induced by adenosine diphosphate, is used for the treatment of a variety of platelet-dependent disease states [5] . Several papers recommend ticlopidine as a valuable alternative when patients cannot tolerate aspirin [6, 7] . It has been reported that ticlopidine causes significant inhibition of several drugs metabolized by the hepatic CYP enzyme system [8, 9] . Clinically, losartan and ticlopidine can be prescribed concomitantly for the prevention or therapy of cardiovascular diseases. However, the pharmacokinetic interaction between ticlopidine and losartan in vivo has not yet been reported. Therefore, the present study aimed to evaluate the effect of ticlopidine on the pharmacokinetics of losartan and its active metabolite, EXP-3174, in rats. The effects of ticlopidine on P-gp, CYP2C9, and 3A4 activities were also evaluated.
Materials and methods

Chemicals
Losartan, EXP-3174, L-158.809 (internal standard), acetonitrile, methanol, and tert-butylmethylether were purchased from Merck Corporation (Darmstadt, Germany). Ticlopidine was purchased from Sigma-Aldrich Corporation (St Louis, MO, USA). All other chemicals were of reagent grade, and all solvents were of HPLC grade.
Effects of ticlopidine on pharmacokinetics of losartan and its main metabolite EXP-3174 in rats www.nature.com/aps Yang SH et al Acta Pharmacologica Sinica npg Rats The protocols for the animal studies were approved by the Animal Care Committee of Chosun University (Gwangju, Korea). Male Sprague-Dawley rats (7-8 weeks old, weighing 270-300 g) were purchased from Dae Han Laboratory Animal Research Company (Eumsung, Korea). The procedures used to maintain and handle the rats were similar to reported methods [10] .
Oral and intravenous administrations of losartan and ticlopidine Losartan was orally or intravenously administrated, whereas ticlopidine was administrated orally. Oral losartan and ticlopidine were dissolved in distilled water (5 and 4 mL, respectively). Intravenous losartan was dissolved in 0.9% NaCl solution (4 mL). The rats were randomly divided into six groups (n=6 each): oral losartan (9 mg/kg) without and with oral ticlopidine (4 or 10 mg/kg); intravenous losartan (3 mg/kg) without and with oral ticlopidine (4 or 10 mg/kg). The rats were fasted for at least 24 h prior to the beginning of the experiments. Each animal was anaesthetized with light ether and the right femoral artery (for blood sampling) or vein (for iv administration of losartan) was cannulated with a polyethylene tube (SP45, ID 0.58 mm, OD 0.96 mm; Natsume Seisakusho, Tokyo, Japan). Ticlopidine was orally administered 30 min before oral administration of losartan. Oral losartan and ticlopidine were administered using a gastric gavage tube. Approximately 1 mL of whole blood collected from untreated rats was infused via the femoral artery at 0.25, 1, and 4 h to replace the blood loss due to blood sampling. Each blood sample was centrifuged at 16 810×g for 5 min, and 200 μL of each plasma sample was stored at -40 °C until HPLC analysis of losartan and EXP-3174 was performed [11] .
HPLC assay
Plasma concentrations of losartan were determined using an HPLC assay, which was modified from the reported method [11] . Briefly, a 50 μL aliquot of L-158.809 (internal standard, 5 μg/mL dissolved in methanol) and a 0.5 mL aliquot of acetonitrile were added to a 0.2 mL aliquot of the plasma sample in a 2.0 mL polypropylene microtube. The solution was then mixed for 5 min using a vortex-mixer (Vortex-Genie 2, Scientific Industries, Bohemia, NY, USA) and centrifuged for 10 min (16 810×g). A 0.5 mL aliquot of the supernatant was transferred to a clean test tube and evaporated under a gentle stream of nitrogen gas at 35 °C. The residue was reconstituted in 150 μL of the mobile phase and 70 μL was injected directly onto a reversed-phase (C 18 ; Luna; 4.6 mm id×250 mm, particle size 5 μm, Phenomenex, Torrance, CA, USA) HPLC column. The HPLC system used in this study was comprised of a Waters 1515 isocratic HPLC Pump, a Waters 717 plus autosampler, a Waters 474 scanning fluorescence detector (Waters, Milford, MA, USA), and an HPLC column temperature controller (ThermaSphere TS-430, Phenomenex, Torrance, CA, USA). The mobile phase, acetonitrile-0.01 mol/L phosphate buffer (41:59, v/v, pH 2.5, adjusted with phosphoric acid), was run at a flow rate of 0.8 mL/min and the column eluent was monitored using an ultraviolet detector at 215 nm. The retention times of L-158.809 (internal standard), losartan, and EXP-3174 were 6.27, 11.4, and 17.8 min, respectively. The lower limit of quantification for both losartan and EXP-3174 in rat plasma was 5 ng/mL. The coefficients of variation for losartan and EXP-3174 were below 13.9% and 15.9%, respectively.
CYP inhibition assay
The inhibition assays for human CYP2C9 and 3A4 enzyme activities were performed in multiwell plates using the CYP inhibition assay kit (Gentest, Woburn, MA, USA) as previously described [12] . Briefly, human CYP enzymes were obtained from baculovirus-infected insect cells. CYP substrates [150 mmol/L 7-methoxy-4-trifluoromethyl coumarin (7-MFC) and 50 mmol/L 7-benzyloxy-4-(trifluoromethyl) coumarin (7-BFC) for CYP2C9 and 3A4, respectively] were incubated with or without test compounds in a reaction mix containing 1 pmol of P450 enzyme and the NADPH-generating system (1.3 mmol/L NADP, 3.54 mmol/L glucose 6-phosphate, 0.4 U/mL glucose 6-phosphate dehydrogenase and 3.3 mmol/L MgCl 2 ) in potassium phosphate buffer (pH 7.4). Reactions were terminated after 30 min by the addition of stop solution. Metabolite concentrations were measured with a spectrofluorometer (Molecular Device, Sunnyvale, CA, USA) set at an excitation wavelength of 409 nm and an emission wavelength of 530 nm. Positive controls (2 μmol/L sulfaphenazole and 1 μmol/L ketoconazole for CYP2C9 and 3A4, respectively) were run on the same plate and produced 99% inhibition. All experiments were performed in duplicate, and the results are expressed as percent inhibition.
Rhodamine-123 retention assay MCF-7/ADR, a doxorubicin-resistant human breast cancer cell line, was used and seeded on 24-well plates at a density of 10 5 cells. At 80% confluence, the cells were incubated in FBSfree DMEM for 18 h. The culture medium was then changed to Hanks' balanced salt solution, and the cells were incubated at 37 °C for 30 min. After incubating the cells with 20 μmol/L rhodamine-123 in the presence of ticlopidine (1, 3, 10, and 30 μmol/L) for 90 min, the medium was completely removed. The cells were then washed three times with ice-cold phosphate buffer (pH 7.0) and lysed in lysis buffer. Rhodamine-123 fluorescence was measured in the cell lysates using excitation and emission wavelengths of 480 and 540 nm, respectively. Fluorescence values were normalized to the total protein content of each sample and presented as a ratio compared with control values. Verapamil (100 μmol/L) was used as a positive control.
Pharmacokinetic analysis
Standard methods [13] were used to calculate the following [14] , time-averaged total body clearance (CL), terminal half-life, first moment of AUC (AUMC), mean residence time (MRT), and apparent volume of distribution at steady state (V ss ). The extent of absolute oral bioavailability (F) was estimated by AUC oral /AUC iv ×Dose iv /Dose oral ×100. The peak concentration (C max ) and the time to reach peak concentration (t max ) of losartan and EXP-3174 were determined directly from the experimental data.
Statistical analysis
P-values <0.05 were deemed to be significant using the Social Package of Statistical Sciences (SPSS) posteriori analysis of variance (ANOVA) for the unpaired data and then individual differences among groups were determined using Duncan's multiple range test. All data are expressed as the mean±standard deviation (SD).
Results
Inhibition of CYP2C9 and 3A4
The inhibitory effects of ticlopidine on CYP2C9 and 3A4 activities are shown in Figure 1 . Ticlopidine inhibited CYP2C9 and 3A4 with IC 50 values of 26.0 and 32.3 μmol/L, respectively.
Rhodamine-123 retention assay
The effects of ticlopidine on the cellular accumulation of rhodamine-123 in MCF-7 and MCF-7/ADR cells are shown in Figure 2 . Accumulation of rhodamine-123 was reduced in MCF-7/ADR cells overexpressing P-gp compared to MCF-7 cells lacking P-gp. The relative cellular uptake of rhodamine-123 was comparable between the two conditions at the concentration range of 1-30 μmol/L ticlopidine.
Effect of ticlopidine on the pharmacokinetics of oral losartan Rats were given oral administration of losartan (9 mg/kg) with and without oral administration of ticlopidine at doses of 4 and 10 mg/kg. The mean arterial plasma concentrationtime profiles of losartan are shown in Figure 3 . The relevant pharmacokinetic parameters of losartan are listed in Table 1 . Absorption of losartan was rapid; losartan was detected in plasma at the first blood sampling time point (5 min) with a rapid t max (1-2 h) for all rats studied (Figure 3) . The AUC and C max of losartan after oral administration with losartan and 10 mg/kg ticlopidine were significantly greater (by 65.0% and 49.4%, respectively) than those of control rats. The F of losartan was 64.7%.
Effect of ticlopidine on the pharmacokinetics of active metabolite EXP-3174
Rats were given oral administration of losartan (9 mg/kg) with and without oral ticlopidine at doses of 4 and 10 mg/kg. The mean arterial plasma concentration-time profiles of EXP-3174 are shown in Figure 4 . The relevant pharmacokinetic parameters of losartan are listed in Table 2 . The AUC and C max of EXP-3174 after oral administration of losartan with 10 mg/kg ticlopidine were significantly greater than those of control rats (by 41.8% and 36.8%, respectively). The AUC ratio (AUC EXP-3174 /AUC losartan ) was not significantly decreased (P>0.05) compared to control rats.
Effect of ticlopidine on the pharmacokinetics of intravenous losartan
Mean arterial plasma concentration-time profiles of losartan following intravenous administration of losartan (3 mg/kg) to rats in the presence or absence of ticlopidine (4 and 10 mg/kg) are shown in Figure 5 . The corresponding pharmacokinetic parameters are shown in Table 3 . The AUC of losartan was increased by ticlopidine treatment, but was not statistically significant compared to the control. The t 1/2 of losartan was also prolonged, but this increase was not significant. The pharmacokinetics of intravenous losartan was not affected by the concurrent use of ticlopidine, in contrast to those of oral losartan. Accordingly, there was enhanced oral bioavailability in the presence of ticlopidine, while there was no significant change in the pharmacokinetics of intravenous losartan. This finding may be due to the inhibi- 
Discussion
This study evaluated the effect of ticlopidine on the bioavailability and pharmacokinetics of losartan in rats to investigate a potential drug interaction between the two drugs. In previous pharmacokinetic studies, losartan was administered to rats orally at doses of 3-10 mg/kg [15] [16] [17] . Thus, a 9 mg/kg dose of losartan was used in the present study.
It has been reported that the pharmacokinetics of losartan are similar between rats and humans [18] . In both rats and humans, EXP-3174 has been found in plasma. The F of losartan was reported to be 31.5%-38.2% in rats and 33% in humans. The urinary excretion of losartan within 24 h after oral administration was shown to be approximately 0.3% and 5% of the dose in rats and humans, respectively, which suggests a small contribution of renal clearance to total body clearance [18] . These data support that the rat is a suitable animal model for pharmacokinetic studies of losartan.
Oral administration of losartan with 10 mg/kg ticlopidine significantly increased the AUC (by 65.0%), suggesting that ticlopidine can effectively inhibit the metabolism of losartan in the intestine and/or liver. However, the AUC EXP-3174 was also significantly increased (by 41.8%) in the presence of 10 mg/kg ticlopidine. EXP-3174 is eliminated by both renal (accounting for 55% of its clearance) and non-renal routes [19] . One explanation could be that the renal elimination and/or further metabolism of EXP-3174 might be affected by ticlopidine, although further metabolism of EXP-3174 has not been reported. More experiments will be necessary to prove these hypotheses. Although the AUC EXP-3174 was also significantly increased in the presence of 10 mg/kg ticlopidine, the AUC ratio (AUC EXP-3174 / AUC losartan ) was not significantly decreased (P>0.05) compared to control rats. After oral losartan administration, EXP-3174 showed a greater AUC than losartan because of its low clearance rate. Similar results have been reported previously, showing that EXP-3174 has a greater AUC and a longer terminal half-life than losartan in both rats and humans [20, 21] .
Because losartan is a substrate of P-gp, the effect of ticlopidine on P-gp activity levels of losartan was evaluated using rhodamine-123 in a cell-based assay. The relative cellular uptake of rhodamine-123 was not affected (Figure 2 ), suggesting that ticlopidine does not inhibit P-gp activity. The inhibitory effects of ticlopidine against CYP2C9-and 3A4-mediated metabolism were confirmed by the employment of recombinant CYP enzymes. As shown in Figure 1 , ticlopidine exhibited inhibitory effects against CYP2C9-and 3A4-mediated metabolism with IC 50 values of 26.0 and 32.3 μmol/L, respectively. This finding shows that the AUC of losartan increased significantly after its oral administration with 10 mg/kg ticlopidine, although the in vitro CYP inhibition of losartan was not potent. Although in vitro studies are useful methods to study inhibitory mechanisms, they are limited because test conditions may not accurately correspond to in vivo conditions. Thus, there may be some discrepancies between in vivo and in vitro data. In a study using human liver microsomes and recombinant human CYP enzymes, it was reported that ticlopidine is a potent, competitive inhibitor of both CYP2C19 and 2D6, but is only a weak inhibitor of CYP2C9 and 3A [22] . It was also reported that ticlopidine has a high inhibitory potency for CYP2C19 in vitro and in vivo [23] . CYP1A and 3A isoforms were primarily expressed in rat intestine, whereas CYP2C was not detectable in rat intestine using RT-PCR and immunoblot analysis [24] . Thus, the significant increase in AUC of losartan after oral administration with losartan and ticlopidine (10 mg/kg) may be attributable to the inhibition of CYP2C and 3A subfamilies-mediated losartan metabolism in the liver and/or the intestine rather than the inhibition of P-gp activity by ticlopidine. Similar results were reported showing that concomitant intake of grapefruit juice significantly altered some of the pharmacokinetic parameters of losartan and its metabolite EXP-3174 in healthy volunteers via the inhibition of CYP3A4 metabolism [25] . It was also reported that neurological symptoms occurred in an epileptic patient in association with increased carbamazepine levels, due to a probable drug interaction between ticlopidine and carbamazepine (which is mainly metabolized via CYP3A4 [26] ). There are likely to be some differences in the enzyme activities of the CYP2C and 3A subfamilies between rats and humans [27] . The protein homologies between CYP2C and 3A in rats and humans have been reported to be very similar, 73% and 77%, respectively [28] . For example, the AUC losartan and AUC EXP-3174 were significantly increased and decreased, respectively, by administration of bucolome, a CYP2C9 inhibitor, in both rats and humans [16] . This result supports that rat isoforms with very similar enzymatic properties to CYP2C9 could be involved in the metabolic clearance of losartan in rats, although rats do not have the CYP isoforms orthologous to human CYP2C9.
The significant increase in the AUC of losartan after oral administration with losartan and ticlopidine (10 mg/kg) may be attributable to the inhibition of CYP2C and 3A subfamiliesmediated losartan metabolism in the small intestine and/or in the liver. The inhibition of P-gp in the small intestine and the 
